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ABSTRACT: In bone impaction grafting, allografts in the form of bone chips are used for reconstruction of defects and to induce bone
remodeling. Optimizing grain size distribution of this allograft material should help prevent implant subsidence by achieving higher
primary stability of the graft. We evaluated the influence of grain size distribution on the mechanical stability of allograft material.
Bone tissue was rinsed, and the grain size distribution of the allograft material was determined by performing a sieve analysis.
Uniaxial compression tests were carried out before and after a standardized compaction procedure for samples with controlled grain
size distribution and a control group. Allografts with controlled grain size distribution showed a yield limit almost twice as high as in
the control group after a standardized compaction procedure. A better interlocking between bone particles was observed compared to
the control group. Thus, grain size distribution has a major impact on the mechanical stability of bone grafts. By controlling the grain
size distribution of allograft material, a tighter packing can be achieved and subsequently implant subsidence of implants could be
avoided.  2014 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res
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Bone chips are used as allograft material in impaction
bone grafting to reconstruct skeleton defects caused by
trauma, loosened arthroplasties, or disease.1 In cases
of reconstructing the acetabular or femoral bone in
total hip arthroplasty (THA), the morselized allograft
must be adequately compacted to provide initial
implant stability and prevent subsidence.2 This initial
stability is linearly correlated to the number of impac-
tion blows3 with the mechanical properties of the graft
improving with increased impaction loads, due to
increasing shear strains between the particles.4 Using
bone chips of various sizes, including some >8mm, the
initial strength can be increased further.5 The configu-
ration of differently sized particles within the graft
can be optimized, though it likely varies depending on
site and loading conditions.6 The initial stability of a
implant in a contained defect that has been augment-
ed with morselized graft will be greatest when the
particle size is well-graded and the graft material is
effectively compacted.4 The overall size of the graft
might also be a determining factor as large grafts may
not completely be merged and necrosis within the graft
may occur.7,8
Impaction grafting has excellent long term results
in primary and revision THA.9–12 However, excessive
subsidence, peri-prosthetic fractures, and contamina-
tion of the allograft are major complications.3,13,14 We
performed an optimization of the grain size distribu-
tion of allograft material subsequent to the cleaning
procedure described by Corac¸a-Huber et al.15 before
and after a standardized impaction process. We
hypothesized that optimizing the grain size distribu-
tion of chemically treated allograft material increases
the interlocking between particles and improves their
mechanical stability.
METHODS
Allograft Preparation
Twenty femoral heads were donated by patients who under-
went THA and gave previous consent. Cortical and cartilage
tissue was removed from the femoral heads with a bone
saw, and subsequently bone chips sized 5–10mm were
prepared from the cancellous tissue using a Noviomagus
bone mill (Spierings Medische Techniek BV, Nijmegen, The
Netherlands).12,16,17 Bone material was initially fresh-frozen
at 80˚C and afterwards stored at 20˚C. All allograft
material was mixed to achieve homogenous distribution and
to minimize any patient-specific bone characteristics.18
Bone material was cleaned following the modified proce-
dure of De Paula et al.19 as described by Corac¸a-Huber
et al.15 and then dried in an incubator (Memmert GmbH &
Co., KG, Schwabach, Germany) at 37˚C for 4 days.
Sieve Analysis
Grain size distribution was determined by sieve analysis
according to DIN 18123 standard.20 Calibrated sieves of pore
diameter ranging from 0.063 to 16mm (Haver and Boecker,
Oelde, Germany) were assembled on a shaker, and the
allograft material was poured into the sieves. After 1h of
shaking (at 10mm), weights of the resting particles in the
sieves were determined using a high precision balance (SI-
603, d¼ 0.001g, Denver Instrument, Bohemia, NY) allowing
the calculation of the percentage of the total graft resting in
each sieve. For each group the coefficient of uniformity, which
describes the particle size distribution, was calculated4,20 and
classified as well graded or poorly graded. A sample with a
coefficient of uniformity of cu> 0.5 is defined as a well-graded
specimen.4
Sample Preparation
For mechanical testing the sieved bone graft material was
divided into two groups: (1) control group (CG) following the
Conflicts of interest: None.
Grant sponsor: Experimental Orthopedics, Innsbruck Medical
University.
Correspondence to: David Putzer (T: þ43-512-9003-71694;
F: þ43-512-9003-73691; E-mail: david.putzer@i-med.ac.at)
# 2014 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.
JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2014 1
original grain size distribution of the allograft determined in
the sieve analysis (N¼ 30); and (2) allografts with optimized
grain size distribution (OG) that approximates the Fuller’s
curve of maximum density gradation (N¼ 30). After reassem-
bling the separated allograft material according to the
particle size composition (Table 1), each sample was carefully
remixed. The weight was recorded for each sample; weights
were 8 0.01 g.
Uniaxial Compression Test
All samples underwent a uniaxial compression test before
and after being compacted with a dropped weight apparatus.
The samples were filled in a stainless steel compaction
chamber, with an inner diameter of 40mm and a resulting
volume of 213.5 cm3 (internal wall of the hollow cylinder
assumed as frictionless). Compaction was carried out using a
1,450 g hammer, dropped 10 times from a height of 180mm
onto the compaction chamber. The size of the chamber was
similar to an extensive defect in the acetabulum, approxi-
mating an in vivo situation.
The uniaxial compaction test is commonly used to assess
mechanical stability of allograft material. The bulk solid was
loaded previously by a consolidation stress s1 of 4 kPa in the
vertical direction resulting in an initial density r1. The
consolidation stress and the steel cylinder were removed, and
the cylindrical bone graft bulk was loaded with a consecu-
tively increasing vertical stress. At the failure point, the
yield limit sc and the density at the yield limit rc were
determined. For measuring the compression force and the
sample height, an electromechanical testing machine was
used (Zwicki-Line Z 2.5, maximal load 2.5 kN, 320 kHz
sample rate, accuracy 0.04N and 2mm, Zwick GmbH &
Co., KG, Ulm, Germany). A 15mm diameter punch was used
at a displacement rate of 2mm/min. The preload was set to
5N, and the data sample rate was 50Hz.
By dividing the unconfined yield strength, sc, by the
consolidation stress, s1, the coefficient of flowability (ffc) was
calculated. The coefficient of flowability provides a numerical
classification of the interlocking mechanism between particles.
A coefficient of flowablity >1 is classified as not flowing.
The force displacement graphs measured by the testing
machine were analyzed in OriginPro8.5 (Origin Lab Corpora-
tion, Northampton, MA). The yield stress limit was deter-
mined by using a peak detection algorithm, which smoothed
the curve by a window sized 100 data points and searched for
local maximums within 20 data points. The bulk density rc at
the failure point was determined by considering the sample
height at the instance when material failure occurred.
Statistical Analysis
Power analysis with an expected effect size f¼ 0.45 (a¼ 0.05,
Power¼ 0.95, two-tailed t-test) was performed a priori using
GPower (GþPower 3.1.2, Universita¨t Kiel, Germany) and
resulted in a total sample size of N¼ 54. Statistical analysis
was performed using the two-tailed t-test for dependent
samples to compare the allografts before and after compac-
tion and the two-tailed t-test for independent samples to
compare allografts with optimized grain size distribution to
the control group. Analysis was performed using SPSS
software v.20 (IBM, Chicago, IL). A p-value< 0.05 was
considered significant.
RESULTS
The grain sizes of the manufactured bone chips in the
CG were not well distributed (Fig. 1) with a cu of 3.85,
well below the limit of cu>5. By optimizing the grain
size distribution in the OG group a coefficient of
uniformity of cu¼ 17.60.
Comparing the two groups before and after compac-
tion showed a significant difference for the initial
density r1 (p< 0.001), the density at the yield limit rc
(p<0.001), and the yield limit sc (p<0.001). While the
density in the control group increased by 31% (Fig. 2),
in the OG group the initial density after compaction
Table 1. Grain Size Distributions for the Three Groups
Are Reported
Group
Particle
Size [mm]
Quantity of Particles
[%] in Weight
CG >4 37.39
2–4 32.85
1–2 19.68
<1 10.07
OG >4 63.50
2–4 10.75
1–2 7.50
<1 18.25
Figure 1. The cumulative percentage of the weight residuals of
each sieve for OG and CG in comparison to Fuller’s curve for
particles.
Figure 2. Comparison of the initial density before and after a
standardized compaction for the two groups under evaluation.
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increased by 34%. After compaction, density at the
yield limit increased by 30% for the CG and by 22% for
the group with optimized grain size distribution
(Fig. 3). The yield limit sc showed an increase of 93%
for the CG and 90% for the OG group after compaction
(Fig. 4).
Before compaction, no difference was observed be-
tween CG and OG regarding the initial density
(p¼ 0.128), while the density at the yield limit
(p¼ 0.013), and the yield limit itself (p¼ 0.002) were
significantly different (Table 2). The grain size distribu-
tion has an influence on the mechanical stability of
allografts after compaction as OG showed a significantly
higher initial density r1 (p¼ 0.001), a higher density at
the yield limit rc (p¼ 0.002), and a higher yield limit sc
(p< 0.001) when compared to CG (Table 2).
The coefficient of flowability was <1 for both groups
and could be classified as not flowing (Ref.21; Fig. 5).
After compaction the coefficient decreased by a factor
of 10 in both groups. OG had the smallest value, while
CG had the highest value both before and after
compaction.
DISCUSSION
Excessive subsidence remains a major problem in bone
impaction grafting. Optimizing the grain size distribu-
tion of the graft material can result in better primary
stability, thus helping to prevent this early subsi-
dence. Here we evaluated the influence of grain size
distribution on the mechanical stability of allograft
material subsequent to a cleaning procedure15 before
and after a standardized impaction process.
Results from the sieve analysis showed that CG
consists mostly of particles sized between 2 and 4mm,
classified as not well graded. The mechanical proper-
ties showed no significant difference when comparing
OG to CG before compaction as the samples were
brittle, and a large standard deviation was observed.
After compaction, results were significantly different
as a higher density was achieved in the OG group
(9% higher than CG). The same can be observed
when considering the density at the yield limit where
a higher density could be achieved for OG after
compaction (8%). A higher volume reduction, 34% for
the OG and 31% for the CG, further confirms the
tighter packing of the particles. In allografts with
optimized grain size distribution, the smaller particles
successfully filled the gaps between larger particles
resulting in a denser bulk material after compaction.
Figure 3. Comparison of the density at the yield limit before
and after a standardized compaction for the two groups under
evaluation.
Figure 4. Comparison of the yield limit before and after a
standardized compaction for the two groups under evaluation.
Table 2. Comparison of Mean and Standard Deviation of the Initial Density r1, Density at the Yield Limit rc, Yield
Limit sc and Flowability ffc Coefficient Between CG and OG
Compaction
Procedure CG OG p-Value
r1 [g/cm
3] No 0.377 0.038 0.393 0.040 0.128
Yes 0.545 0.039 0.598 0.067 0.001
rc [g/cm
3] No 0.487 0.086 0.582 0.185 0.013
Yes 0.686 0.062 0.744 0.075 0.002
sc [MPa] No 0.012 0.007 0.035 0.037 0.002
Yes 0.165 0.069 0.353 0.187 <0.001
ffc No 0.322 0.112
Yes 0.024 0.011
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By doing so, more allograft material is needed, which
increases the resistance under static or dynamic load.
As the OG is 9% denser than the CG group, 9% more
allograft material is needed to fill the same defect.
The yield stress limit was significantly higher for
the OG group, indicating that allografts with well-
graded grain size distribution can support higher
compressive forces and achieve a higher density when
compacted. This was confirmed by a lower flowability
coefficient. The coefficient of OG was less than half
that of CG. A better interlocking of the allograft
material was achieved through the higher density
after compaction achieved by a better packing of large
grains by smaller ones.
The yield stress limit of the compacted allograft
with optimized grain size distribution was almost two
times higher within the control group. Considering a
defect with the same extension, the OG supports twice
the weight compared to the CG group, with the same
amount of allografts material. Especially when using
large amounts of allografts, optimizing the grain size
distribution is extremely important to increase the
resistance against shear forces and to avoid subsidence
of implants.
The long-term influence of tight packing on the
bone remodeling process should be determined to
reach conclusions on achieving a good secondary
stability. A high density may not be favorable for bone
remodeling as the growth of bone cells into the
allograft material may be obstructed. Also the influ-
ence on the mechanical stability of the liquid part of
allografts, which was not considered in this study, has
to be further investigated. McKenna et al.22 showed
that optimizing the concentration of fat and water
content improves graft stability. Voor et al.23 and
Fosse et al.24 made similar observations with different
graded samples. We suggest as a further optimization
step to increase the primary implant stability to study
fat and liquid content when grain size distribution is
similar in each group.
A further limitation of the study was that the bone
quality was not measured in a densitometry analysis;
Figure 5. Comparison of the flowability coefficient before and
after a standardized compaction for the two groups under
evaluation.
Figure 6. An example of a patient (A), where a cup revision surgery was performed using bone impaction grafting (B). The screws of
the cage broke within 3 years. A consequent revision showed sufficient bone regrowth in the acetabulum to allow for the implantation
of an uncemented cup (C).
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however, only non-osteoporotic patients were selected
for bone tissue donation and good bone quality was
guaranteed by the local bone bank.
Our results are applicable to chemically cleaned dry
bones. Mechanical properties will change when put
into contact with liquids.
Allografting with morselized bone chips is a valid
and proven method of bone stock reconstruction. In
our institution, we used allografts in 18% of all
revision procedures. We strongly believe that this
method is specifically beneficial for younger patients
who are at risk of facing another revision during their
life. In such cases, this method has the potential to
recreate bone (Fig. 6).
We recommend using well graded allografts, espe-
cially in large defects, and compacting them in situ for
a sufficient period of time (15 s).20 Controlling the
grain size distribution, the impaction process (e.g.,
using a pneumatic hammer), the liquid content of
allografts, and screening the donor patients for bone
stock quality should help to standardize the procedure
and guarantee primary implant stability. The complex
bone remodeling process using allografts could be
further evaluated in a multicenter study. Grain size
distribution of allografts was not considered in every
biomechanical study concerning allografts. In addition,
we would like to emphasize the importance of consid-
ering the influence of the grain size distribution on the
mechanical properties.
In conclusion, grain size distribution has a major
impact on the mechanical stability of bone grafts.
Optimizing grain size distribution results in a tighter
packing of small particles within larger particles,
which increases the primary stability of allografts
used in load bearing applications and prevents im-
plant subsidence. We recommend using a sieve device
under sterile conditions to determine grain size distri-
bution on a routine basis. Bone banks should provide
allografts in different grain sizes, which than can be
mixed depending on the largest grain size used for
each specific surgical application to improve graft
stability and ultimately prosthesis fixation in the
patient.
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